THE potentials locally required to initiate nervous impulses or muscular contractions are minute and there is little difficulty in producing them in isolated preparations. The current densities needed in the immediate neighbourhood of the structure to be stimulated are readily obtained by the use of small currents.
THE potentials locally required to initiate nervous impulses or muscular contractions are minute and there is little difficulty in producing them in isolated preparations. The current densities needed in the immediate neighbourhood of the structure to be stimulated are readily obtained by the use of small currents.
Co,nsiderably larger currents are required in order to obtain the same densities around this structure when it lies deeply buried and is surrounded by other tissues. Only a small fraction of the total current used is then effective. The major portion is wasted by leakage along inert structures or perversely engaged in stimulating other excitable tissues.
The main features which characterize the two types of muscle fibres involved in our problem are: quantitatively, the I/T (Intensity Duration) curve and qualitatively, the brisk as distinct from the sluggish response of the muscle fibre. When a muscle is homogeneously composed of one or the other type of fibre it is easy to ascertain to which it belongs. It is where there are mixtures of the two that difficulties of detection and interpretation present themselves. In order to extract the maximum useful information from the transcutaneous method of muscle testing, it is necessary clearly to visualize the effect of electrical stimulation on muscles compounded of varying ratios of the two tvpes of fibre. To this end, it is important to possess a vivid conception of the changes resulting from a progressive increase in the quantity of denervated muscle fibres with the consequent proportionate decrease in normal fibres. These modifications are expediently conceived and expressed in terms of twofold I/T curves. Fig. 1 consists of some sets of curves graphically depicting representative phases during this gradual change. In 
I2
is the I/T curve of the aggregate of one type of fibre at a moment when axon degeneration is fully established and no recovery has occurred. The durations of flow of the current are measured in seconds along the abscissa on a logarithmic scale, while the threshold currents in ma.s appear along the ordinates on a linear scale. In fig. 1 (A) the typical I/T curves of a normal and of a fullv den2rvated muscle are shown for the saxe of reference. It should be noted how the d-curve rises progressively vith decreasing dturations while the n-curve has an initial portion which is parallel to the ab3cissa. In tig. I (B) are shown the l/T cuLrves of the normal and denervated components of a muscle whose motor nerve has b en partially destroyed. In this particular case, there is but a small proportion of denervated muscle fibre and the normal fibre component has a lower threshold tor all durations than the denervated component.
It is clear that the denervated fibres ivill remain undetected, and that with currents below their own threshold, they will act merelv as inert by-pass resistances which will entail the application of larger currents in order to stimulate the normal fibres. Even when using currents of sufficient intensity to provoke a response in the denervated fibres, their action will be masked by the dominant action of the normal fibres. Despite this, the presence of small numbers of denervated fibres may, under favourable conditions, be revealed by the expedient of applying the electrodes over both ends of the muscle, so that the current field invests the whole muscle. This longitudinal position of the electrodes favours the direct stimulation of muscle fibres as distinct from indirect stimulation through the nerve wvith a single electrode applied over the motor point. Only when the longitudinal reaction is sluggish can it be regarded as significant of the presence of dlenervated fibres.
In fig. 1 (c) the number of denervated fibres is greater and that of normal fibres proportionately smaller. As a result, the I/T curves cross, which means that with the longer durations the typical sluggish response of the denervated fibres will be in evidence wvhereas the brisk response which characterizes the normal fibres will be elicited with the brief impulses. Fig. 1 (D) merely shows I/T curves of a muscle with a still greater proportion of denervated fibres. It should be noted that this has led to a shift towards the shorter durations of the point at which the curves cross. This is manifested by a prexalence of sluggish reactions over a larger range of impulses of long duration. Iln fig. 1 (E) the I/T curve of the denervated muscle fibres has for all durations, a threshold well below that of the normal fibres. This implies that by stimulation over the muscle itself, no normal fibres can be detected although they might be revealed vhen the actual nerve is stimulated. Fig. 1 (F) shows the I/T curve with the features of iiormal fibres only, but with a high threshold value for all durations. This might occur in the presence of cedema when currents of high intensity are required, or in the same muscle as the preceding one ( fig. 1 (E) ) if no recovery of the denervated fibres had taken place and all these had now undergone complete fibrosis.
These various curves are of some interest when examined in conjunction with the method adopted for producing the reaction.
It is evident that if they could be reconstituted in their entirety-as shown-they would afford valuable information from a diagnostic if not from a prognostic point of view. Unfortunately, of the twofold curves-the most important ones-only the portions nearest the abscissa are obtainable by straightforward methods allowing of comparison.
In an attempt to accumulate as much data as possible from which to reconstitute these curves, I devised an apparatus [Proc. R. Soc. Med. (1941) 34 , 715] which gives out single impulses, rectangular in wave form and the duration and intensity of which could be independently controlled. By using pentode valves in the output circuit, it was found possible to measure the current delivered and to ensure that this remained unaffected, within reasonable limits, by fluctuations of resistance.
After a number of experiments which involved the plotting of complete I/T curves of both normal and denervated muscles, it was decided for practical purposes to restrict the measurements of thresholds to three different durations.
Durations of one second, a thousandth of a second, and an intermediate one of a fiftieth of a second were decided upon. These particular values were selected because: The one-second duration gave all the information which interrupted galvanism affords and was of sufficient length for the estimation of the rheobase. The thousandth of a second was not chosen solely as a concession to the classical method. It was found from experimental work that in normal muscles the threshold for this impulse rarely cxceeded double the rheobase, as can be seen from the n-curve in fig. 1 (A) . Thi's impulse of a thousandth of a second can moreover be identified with the traditional faradic impulse; with the added advantage that it can be assessed in milliamperes. The function of the intermediate duration of a fiftieth of a second is not immediately apparent.
To envisage its utility it is necessary to realize that in the normal muscle the threshold for this intermediate impulse is still the same as the rheobase, but in the denervated muscle the threshold for this intermediate impulse is more often than not at least double the rheobase. This can be seen from the curves in fig. 1 (A) .
Again if the response it elicits is definitely recognized as brisk or sluggish, one is able to decide on which side of this duration the curves cross. If they cross as in fig. I (c) , the response at a fiftieth of a second should be brisk and as might be expected it is found that the threshold for a thousandth of a second is less than double the threshold at a fiftieth of a second. The reason for this is apparent from the curves in fig. 1 (c) . When the curves cross as in fig. 1 (D) , the reaction to a fiftieth of a second should be sluggish and the response to a thousandth of a second should be well over twice that of the threshold at a fiftieth of a second.
No electrical examination is complete unless it consists of stimulation of the nerve trunk itself-preferably above the level of the lesion. This should be followed by faradic and galvanic stimulation of the motor points of different muscles supplied by the nerve. If the apparatus for doing so is available, the relative values of the threshold to both these stimuli should be estimated. The discriminating position of the electrodes for faradic and galvanic stimuli should be noted as well as the character of the responses elicited. The condition of the nerve should be assessed only when all data are correlated.
At times the findings are at variance with other evidence of accepted views. A good example of this type of conflict is the co-existence of lack of voluntary power and good nerve conduction, as evidenced by a powerful reaction in muscles when the appropriate nerve is stimulated above the site of the lesion. Whether this can be invariably explained on psychological lines is debatable. My own view is that more attention should be paid to the effect of injury on the part played by the afferent fibres of the nerve through which the patient is made conscious of the existence of his muscles. A partial answer to this paradox may well lie in this direction.
Risks of misinterpretation due to anomalous innervation are minimized if the possible alternative nerve is stimulated when suspicion is aroused. Cross-innervation is so prevalent in the hand that the effects of stimulating both the ulnar and the median nerve at the level of the wrist should be investigated as a matter of routine. Electrically speaking, the hindrances to transcutaneous electrical stimulation of muscles and nerves are: high resistance in series, and low resistance in parallel with the excitable tissue to be stimulated. The first of these acts as an impediment to the passage of the current.and therefore demands the application of high e.m.f.s.; the second acts as a by-pass and compels one to employ large currents. In the deeper tissues the current density will to some extent be influenced by the presence of intermuscular fascial planes, blood-vessels, bones and adipose layers, thus it may be assumed that in normal circumstances some portion of the field will have a higher density than another and that this core of high density will cause the electrode position to have some slight directional, and selective effect. The motor points of muscles must be explained in terms of areas on the skin which bring this core of high density into the most advantageous position for stimulating the nerve supplying the muscle. When a nerve has degenerated the motor point loses its significance and becomes less critical.
It is probable that anomalies of distribution account for some of the differences noted in connexion with current threshold measurements in bulky and small muscles. In a large muscular mass where the electric field between the two electrodes is at liberty to expand it does not necessarily follow that using twice the total current causes doubling of the original current density at all points throughout the muscle, as would be the case with small muscles such as the interossei which are situated between two bony structures of high resistance.
Of all the factors which hamper muscle testing, cedema holds pride of place. When present, the excessive intercellular fluids act as low resistance paths in parallel with the tissues to be stimulated. The application of Ohm's Law explains why a higher current has to be used in a low resistance in order to obtain the necessary potential differences along it. A very marked increase in the blood content of muscle has a somewhat similar effect. I was able to demonstrate in a limb, which had a grossly defective blood supply due to a brachial plexus lesion, that an increase in the circulation produced by raising its temperature in a short-wave field, brought about an apparent decrease in the excitability. Apparent, because an analysis of the I/T curves revealed that the chronaxy was considerably lower in the warm limb although the threshold currents were higher (fig. 2) .
It is unfortunate that when electrically exploring nerves, we have to rely upon sight and touch in order to detect the responses. To be visible or palpable, a large number of fibres have to be brought into action. The number of fibres required will depend on a number of factors of a mechanical order ranging from stiffness of various structures to tendon discontinuity.
In threshold measurements, where minimal responses have to be observed, the tension on the structures concerned and hence the position of the limb, are of some importance.
When concomitant contractions of other muscles due to spread of the stimulus occur, and provoke movement of tendons and of joints, the greatest caution has to be exercised in order to avoid being misled. Cold, too, increases stiffness and slows down contraction. It tends to cause a normal muscle to react sluggishlv, at times simulating the typical can be a source of error. The presence of anresthetic areas over the muscle to be tested enables one to use currents of much higher densities than would otherwise be tolerated by the patient. In consequence, a response to faradic stimulation is sometimes obtained in denervated muscles with a faradic current of unusually high intensity. Some perplexing phenomena occasionally make their appearance. Of these, mention must be made of the sluggish contraction sometimes obtained as the result of faradic stimulation of the nerve or over the motor point of a muscle. My interpretation of this occurrence is that a few intact nerve fibres enable one to cause the contraction of the corresponding normal muscle fibres, whose movements act as a mechanical stimulus to the hyperexcitable denervated muscle fibres. It is significant that when this type of reaction is elicited, the muscles concerned are relatively easy to stimulate by percussion.
When stimulating a muscle with threshold faradic and galvanic currents, it is occasionally observed that entirely different bundles of muscle fibres respond to these two stimuli. This is clearly significant of partial denervation.
Before the stage of recovery is reached-that is, during the static stage-it is possible to visualize a muscle consisting wholly or partly of the only two types of muscle fibrenormal and denervated. This simple conception unfortunately becomes one of great complexity at the moment when an increasing number of muscle fibres are regaining their nerve supply. Nor is this surprising, for it is inconceivable that a muscle fibre should, at one moment, affect the characteristics of a denervated fibre and an instant later, those of a normal fibre. There must be a transitional state with fluctuating characteristics. Their I/T curves of which we know little, probably are responsible for the confusion and erratic behaviour encountered at this particular juncture.
A puzzling aspect of nerve regeneration is the frequency with which return of voluntary power precedes that of the response to faradic stimulation. Physiologists divorce the properties of conduction and excitability in nerves. It is therefore not surprising to find them returning separately. Excitability of nerves to electrical stimuli must be intimately connected with the integrity of the polarizable surface in the nerve fibre. Consequently it is not far fetched to postulate that nerve fibres and their sheaths regain the requisite electrical properties independently from axon regeneration. I wish to record my indebtedness to the Medical Research Council for the grant which made possible the investigations relating to the I/T curves mentioned here.
